The X-ray binary system 4U 1907+09 contains an accretion-powered X-ray pulsar in an eccentric orbit around a massive early-type companion star. It has been previously suggested that a trailing gas stream along with strong stellar winds could describe the orbital variations in X-ray flux. In this work, 12 yr of X-ray observations from the Rossi X-ray Timing Explorer/ All-Sky Monitor are analysed. We study both the X-ray flux and column density dependence on the orbital phase. The dynamics of the wind and stream are calculated for various companion star radii, system inclinations and eccentricities; the wind and stream model is parametrized by companion star rotation, stellar wind velocity, stream width and density. These parameters are taken as inputs to compute the expected accretion luminosity which is then compared to the observed flux versus the orbital phase. The column density along the line of sight to the neutron star is calculated using the best-fitting results from the flux analysis and verifies the high extinction in the direction of 4U 1907+09. We find that the stream component of accretion contributes significantly to describing the orbital variations in X-ray flux observed in 4U 1907+09. The best-fitting free parameters of our wind and stream model such as mass-loss rate, terminal wind velocity, companion star rotation speed and interstellar extinction are found to be consistent with literature values for 4U 1907+09. The best fit to the data was found at higher values of eccentricity (e = 0.31) and lower companion star radii (R c = 16-21 R ).
I N T RO D U C T I O N
The wind-accreting high-mass X-ray binary 4U 1907+09 was discovered by the Uhuru survey (Giacconi et al. 1971) . The system contains a neutron star in an eccentric orbit (e ∼ 0.28) around an early-type companion star (in 't Zand, Baykal & Strohmayer 1998a) . Makishima et al. (1984) used data from the Tenma X-ray observatory to find the neutron star pulse period to be P spin = 437.5 s. The orbital period of the system was determined to be 8.38 d by Marshall & Ricketts (1980) using Ariel V observations.
The debate over classification of the companion star in 4U 1907+09 as either a Be-type star (Iye 1986) or an OB-type supergiant (Marshall & Ricketts 1980; Schwartz et al. 1980; van Kerkwijk, van Oijen & van den Heuvel 1989) came to rest when Cox, Kaper & Mokiem (2005) used the study of interstellar atomic lines of Na I and K I to put a lower limit on distance. The minimum distance of 5 kpc confirmed that the companion star was a luminous O8/O9 supergiant with a dense stellar wind rather than a Be-type star at a closer distance. E-mail: mkostka@iras.ucalgary.ca (MK); leahy@iras.ucalgary.ca (DAL) EXOSAT and Rossi X-ray Timing Explorer (RXTE) observations have shown that there exist two phase-locked X-ray flares, namely the primary near periastron and the secondary flare near apastron? (in 't Zand, Strohmayer & Baykal 1998b ). Several models of accretion have been used to try to describe the orbital variability in X-ray flux in 4U 1907+09 in a Keplerian disc (Ghosh & Lamb 1979) , a retrograde disc (Nelson et al. 1997 ) and a trailing gas stream (Roberts et al. 2001 ). Long-term monitoring of 4U 1907+09 has been carried out by the All-Sky Monitor (ASM) aboard RXTE. In this paper, analysis of these observations for a 12-yr period is carried out. In addition, we study column densities derived from the RXTE/ASM softness ratios. We consider a stellar wind and gas stream model of accretion to describe the orbital variations in both column density and X-ray flux. An analytic description of the stream in physical units is introduced as well as simultaneous flux and column density calculations. The realistic modelling of an extensive data set puts new constraints on the system properties of 4U 1907+09.
RXTE/ A S M O B S E RVAT I O N S
The ASM aboard RXTE (Levine et al. 1996) contains three scanning shadow cameras (SSCs) sensitive to the energy range of 1.5-12 keV. The ASM is rotated about a central axis in a sequence of 1 The data reduction implemented to obtain the count rates and errors in satellite observations was run by the RXTE/ASM team. A description of their methodology is available on their website. The ASM count rates used here include the full energy range band as well as the three sub-bands 1.3-3.0, 3.0-5.0 and 5.0-12.1 keV. The data covered the time period MJD 50088.37 to MJD 54739.59. The χ 2 values of the resulting 60 502 different ASM dwells had a mean of 0.93 and included only four greater than 1.6 (largest value 2.02). As a result, we did not filter the dwell data based on χ 2 . A study of the long-term RXTE/ASM light curve of 4U 1907+09 was carried out, looking for super-orbital periodicity. Fig. 1 shows the 12-yr RXTE/ASM total energy band light curve of 4U 1907+09, where time bins of one orbital period are used to suppress the orbital variation in flux. There appears to be a sinusoidal oscillation at a period of 180.23 d in the long-term ASM light curve, which is within errors, equal to one-half the Earth's orbit. This variation in the observed flux is probably caused by a changing background. The ASM daily average count rates show peaks during most orbital cycles near the time of periastron passage. The orbital parameters of 4U 1907+09 seen in Table 1 were updated by in 't Zand et al. (1998a) using observations from RXTE/proportional counter array (PCA). The dwell data from RXTE/ASM are used in the following manner for this analysis. The full energy band as well as the three sub-bands are epoch folded to create orbital X-ray light curves. The orbital light curves for the full energy band as well as each sub- band are seen in Fig. 2 with orbital phase zero defined by the time of periastron passage, T o . The lowest energy band observations of 4U 1097+09 contain only noise, and there is no orbital modulation in the lowest energy band. Excluding the lowest energy band, the orbital X-ray light curves for 4U 1907+09 contain similar structure: a dip in X-ray flux at phase point 0.15, a plateau extending from phase point 0.3 to 0.7 and an X-ray outburst centred at phase point 0.9.
The column density was extracted from spectral fits of 4U 1907+09 by Inam, Sahiner & Baykal (1997) , who analysed the RXTE/PCA observations from 2007 and 2008. Data from PCA observations come from ∼2-ks time intervals (Inam et al. 1997) ; thus, no PCA observation covered a full orbital period. For this work, we chose to study the column density in 4U 1907+09 over the same time period as used in the flux analysis. The 3-5 to 5-12 keV softness ratio of the RXTE/ASM observations was used to calculate column density (Leahy & Kostka 2008 ). NASA's software WEBPIMMS, available at the HEASARC website, 2 was used to determine the relationship between column density and softness ratio for ASM observations (see Fig. 3 ). A power law with a high energy cut-off and a photon index of 1.3 (Roberts et al. 2001 ) was used to model the 4U 1907+09 spectrum.
MODEL

Wind model
The stellar wind velocity profile was considered in polar coordinates. The radial component of the wind velocity follows a power law of the form v w (r) = v ∞ (1 − R c /r) β + c s with β = 1, c s being the speed of sound, R c the companion star radius and v ∞ the terminal velocity of the wind (Castor, Abbott & Klein 1975) . Conservation of angular momentum mandates the azimuthal component of the stellar wind to drop off as 1/r. The constant angular velocity of the companion star is described using the parameter f 1 as ω(f 1 ) = f 1 ω peri + (1 − f 1 )ω orb , where ω peri is the periastron orbital angular velocity of the neutron star and ω orb is the average orbital angular velocity of the neutron star (Leahy & Kostka 2008) . Roberts et al. (2001) fitted wind-driven accretion models as well as wind and disc models of accretion to observations of 4U 1907+09 and found that neither could fit the structure of the light curve. Roberts et al. (2001) suggested that a wind plus trailing gas stream model (Stevens 1988) best describes the accretion in 4U 1907+09.
Wind plus stream model
In the model, a gas stream originates on the surface of the companion star along the line of centres of the binary (Stevens 1988) . Analogous to the shape of a stream of water emanating from a rotating sprinkler, the gas stream bends backwards (with respect to the direction of orbital velocity of 4U 1907+09) as it travels radially away from the companion star. We consider the stream to follow the same velocity profile as the stellar wind and integrate the equations of motions to determine the trajectory of a parcel of stream material ejected at any given orbital phase. At each point in orbital phase, the shape of the mid-line of the accretion stream is computed as a linear interpolation of the position of stream material parcels. Since the ejection point on the companion follows the neutron star around its orbit, the eccentricity (e) of the binary causes the shape of the stream to change over each orbit (see Fig. 4 ). Other variables that affect the shape of the stream are v ∞ , f 1 , R c and inclination (inc) (Leahy & Kostka 2008) .
The wind component of the accretion luminosity in the model is calculated using the Bondi-Hoyle accretion which depends on the mass and radius of the neutron star as well as the rate of mass capture (ṁ):
where κ is a mass transfer constant, M N is the mass of the neutron star, v rel describes the relative velocity between the neutron star and the wind and v rad is the radial velocity of the stellar wind. The stream component of the accretion luminosity depends on the separation between the neutron star and the stream as well as the stream density profile.
To determine the shape of the accretion stream, we start with a set of terminal wind velocities (v ∞ ) and stellar angular velocity factor (f 1 ) and calculate the stream mid-line shape for each combination of v ∞ and f 1 . Then, to allow for v ∞ and f 1 to be free parameters, we linearly interpolate between the calculated stream mid-line shapes to obtain the stream shape for any value of these two parameters. In this work, we consider the density profile of the stream (ρ stream ) to be approximately a Gaussian dropping off perpendicular to the mid-line of the stream:
We assume the stream to be spreading at a constant speed v sp and describe the width of the Gaussian (σ s ) as
where w 0 is the initial width of the accretion stream and τ is the length of time that a parcel of gas has spent on the stream. In this model, the periodic variability (Friend & Castor 1982) in the density of the accretion stream (d s ) is dependant on the ejection phase point (φ ej ) of the stream point and a free constant b:
By integrating over the capture area of the neutron star, we approximate the stream component of the accretion luminosity.
Comparison to data
The column density to the system is moderate (column density of ∼1-5 × 10 22 cm −2 ). The 5-12.1-keV energy bands are mostly free of absorption effects (1 per cent reduction in flux for 5 × 10 22 cm −2 , using a power law with a photon index of 1.3 for 4U 1907+09). The 3-5-keV band is only moderately affected (26 per cent reduction in flux for 5 × 10 22 cm −2 ). For the sum of the two bands (3-12 keV, most of the counts are from the higher band), the reduction caused by absorption is 11 per cent for 5 × 10 22 cm −2 . Thus, the X-ray luminosity of the neutron star is taken to be proportional to the sum of the highest two energy sub-bands of the RXTE/ASM observations.
The comparison of our wind and stream model to the RXTE/ASM data is made with χ 2 minimization using the non-linear conjugate gradient method. For each fitting routine (minimization), the stellar radius of the companion, system inclination and eccentricity are taken as fixed parameters while the remaining model variables are left as free parameters.
The mass-radius relationship for the companion star in 4U 1907+09 is not strongly constrained. The lack of an observed eclipse (van Kerkwijk et al. 1989 ) puts upper limits on both the system inclination and the radius of the companion star. A stronger upper bound for the companion radius is the fact that it is completely contained within its Roche lobe (Cox et al. 2005 ). Spectral analysis conducted by Roberts et al. (2001) found that the system inclination likely falls between 55
• and 70
• . The mass of the companion star depends weakly on the neutron star mass (Leahy & Kostka 2008) and strongly on system inclination; thus, we make the canonical assumption of a neutron star mass of 1.4 M and consider inclination as proxy for companion star mass. We chose a sample of radii and inclinations that approximately cover the allowable range for the companion star mass-radius relationship; these are listed in the first two columns of Table 2 . For each set of three fixed parameters (R c , i and e), the wind and stream model was fitted to the ASM data. The free variables in the wind and stream model are terminal wind velocity (v ∞ ), spreading speed of the stream (v sp ), stream density contrast (d s1 ), stream density variability amplitude (b), stellar angular velocity parameter (f 1 ), initial width of the stream (w o ) and a normalization factor of the stellar mass-loss rate,Ṁ. The initial fits we carried out were to the full energy range ASM light curve; then, we fitted the model to the superposition of the 3.0-5.0 and 5.0-12.1-keV energy bands (bands 2 and 3). The best-fitting free parameters for the comparison of our model to bands 2 and 3 of the ASM observations are displayed in Table 2 . In order to consider the column density (N H ) associated with our accretion model, we used a stream shape and density profile defined by the best-fitting parameters from the X-ray modulation fits as inputs to build an N H model. χ 2 minimization was used to fit our model to the derived ASM column density with the two free variables: interstellar column density (N ism H ) and stellar mass-loss rate (Ṁ wind ).
R E S U LT S
The fixed parameters for the minimizations (R c , i and e) are listed in Columns 1 and 2 of Table 2 . The model parameters used to fit the ASM data are terminal wind velocity (v ∞ ), spreading speed of the stream (v sp ), stream central density enhancement (d s1 ), stream density variability (b), stellar angular velocity parameter (f 1 ), initial width of the stream (w 0 ) and the stellar mass-loss rate,Ṁ. The tenth column in Table 2 lists the χ 2 value associated with each fit (considering 33 degrees of freedom). The χ 2 is large relative to the number of degrees of freedom, so the model is not a statistically good fit to the ASM data but qualitatively matches the main features of the observed light curve. Fig. 5 shows the model fit to the ASM X-ray light curve. The dip in X-ray luminosity at phase ∼0.15 occurs when the neutron star is at maximum separation from the accretion stream. The accretion stream catches but does not overtake the neutron star at phase ∼0.3. The neutron star then lingers in the accretion stream between phase points 0.3 and 0.7 creating the observed plateau in X-ray counts per second. The pre-periastron X-ray flare is caused by the neutron star travelling down the accretion stream as it accelerates past periastron. As the neutron star moves closer to the companion star, it accretes denser wind and stream material creating a peak in X-ray flux centred at phase point 0.95. The overall shape of the X-ray light curve of 4U 1907+09 is fitted very well by the wind and stream accretion model. The plots in Figs 5 and 6 consider the same fixed parameters R c = 16 R , i = 65
• and e = 0.31. Fig. 6 displays our N H model fit to the N H orbital variations derived from the ASM softness ratio. The peak in column density at phase point 0.25 is caused by line of sight to the neutron star looking down a length of dense stream material. The shape of our model N H curve fits well to the derived ASM N H modulations. The column density fit in Fig. 6 implies an interstellar column density towards 4U 1907+09 of N ism H ∼4.8 × 10 22 cm −2 , which is slightly higher than literature values (Inam et al. 1997; Roberts et al. 2001 ). The error bars in the derived N asm H are considerably large (see Fig. 6 ). Further analysis utilizing better observations is required to gain a clearer understanding of the column density in 4U 1907+09.
There are several trends observed in our fit results. As one goes to higher R c , the terminal wind velocity increases from ∼1000 to ∼2000 km s −1 . This range in velocity is in agreement with velocities derived from scaling relations to escape velocity (Lamers, Snow & Lindholm 1995) . Typically, terminal wind velocity is measured using UV resonance lines; however, 4U 1907+09 is too heavily extincted (Cox et al. 2005) . The stellar angular velocity remained quite constant for all fixed parameters and was consistent with spectroscopic observations of projected rotational velocity (van Kerkwijk et al. 1989) . The spreading speed of the stream remained fairly constant for all fixed parameters and was typically within a factor of 2 of the expected speed of sound in the gas. Another trend in the fit results is that at large values of R c , the mass-loss rate is dominated by stellar wind contributions and as one goes towards lower R c the accretion stream contribution to mass loss increases. Corresponding to the mass-loss rate trend, the significance of the stream increasing towards lower R c is seen in the trend of the other stream variables: w 0 , d s1 and b.
D I S C U S S I O N
Our results show that a wind and stream accretion model gives a good fit to the overall shape of the light curve of 4U 1907+09. The stream component to the model was found to be very important in describing the orbital variations in X-ray luminosity yielding an order of magnitude improvement on the best-fitting χ 2 values of a stellar wind alone model. The wind and stream accretion model is useful as disc accretion was found to not correlate with recent torque reversals (Inam et al. 1997; Baykal et al. 2006) . A study of the torque effects on the pulsar in 4U 1907+09 in the wind and stream accretion scenario would be of interest. Disc accretion has been further ruled out by spectral analysis carried out by Rivers et al. (2010) . The mass-loss rate for our best-fitting results compares very well to values found in the literature (Inam et al. 1997; Roberts et al. 2001) . Along with the mass-loss rate, other parameters that were left free and found via χ 2 minimization gave best-fitting results very close to accepted values. Our best-fitting terminal wind velocity, v ∞ = 1801 km s −1 , is within 50 km s −1 of the value used by Cox et al. (2005) . Also, the rotational velocity of the companion star derived from our free parameter f 1 is within 25 km s −1 of that found spectroscopically (van Kerkwijk et al. 1989; Cox et al. 2005 ). Our accretion model found the best-fitting free parameters in the range R c = 16-21 R . This range of R c is lower than what is used in spectroscopic analysis by Cox et al. (2005) . The smaller companion star requires a shorter distance to 4U 1907+09 to describe the observed flux (Giacconi et al. 1971) . However, our results are consistent with the minimum distance requirement set forth by Cox et al. (2005) . The high extinction along the line of sight towards 4U 1907+09 was observed by Two-Micron All-Sky Survey (2MASS) which measured R v = 2.75 implying A v = 9.5 towards 4U 1907+09. This is consistent with A v ∼ 10 at d = 3 kpc in the CygOB2 direction.
The value of interstellar column density (N ism H ) derived using best-fitting free parameters by this work is comparable to the results found through spectroscopic analysis (Cox et al. 2005 
There are several uncertainties in our consideration of N H that could lead to an over-estimation of the column density by a factor of 2. We used a power-law approximation when converting from the ASM softness ratio to column density, which yields an excess in column density. Also, the error bars associated with N asm H are very large. Fitting the orbital variations in X-ray flux was the primary objective of this research. Further to this analysis, we also investigated super-orbital periodicity in the RXTE/ASM observations. Visual inspection of RXTE/ASM data phase binned in units of orbital period as seen in Fig. 1 suggests the presence of some long-term variability. We ran fits to the orbital phase binned data for polynomial models up to cubic as well as a sinusoidal model. The higher order models provided slightly better fits as expected; however, the reduced χ 2 for each model was ∼2 and thus statistically not a good fit. Besides the 6-month period mentioned in Section 2.1, we do not find any super-orbital periodicities in the 4U 1907+09 data.
Comparison to GX 301-2
The high-mass X-ray binary (HMXB) GX 301−2 shares several characteristics with 4U 1907+09. Both occupy a similar location on the spin period versus orbital period diagram (Roberts et al. 2001) . The companion star in each system has been identified as a supergiant star (for 4U 1907+09: Cox et al. 2005 ; for GX 301−2: Parkes et al. 1980) . They exhibit the two most highly eccentric orbits observed in HMXBs (Bildsten et al. 1997) . Also, the X-ray light curve of both HMXBs contains a distinct pre-periastron flare (for 4U 1907+09: in 't Zand et al. 1998a for GX 301−2: Leahy 1991) .
This work on 4U 1907+09 and our previous analysis on GX 301−2 (Leahy & Kostka 2008) found that a wind and stream accretion model fits well to the X-ray light curve for both systems. The terminal wind velocity that we found for 4U 1907+09 was typically two to three times faster than that of GX 301−2; this leads to more curvature present in the accretion stream of GX 301−2 (see Fig. 4 of this paper and fig. 5 of Leahy & Kostka 2008 for comparison) . In the case of GX 301−2, the higher degree of eccentricity caused two crossings of the stream by the neutron star which creates a double-hump structure in the X-ray light curve. As discussed in this paper for 4U 1907+09, the accretion stream catches but does not overtake the neutron star leading to the plateau and peak structure of the X-ray light curve discussed in Section 4.
The findings for 4U 1907+09 presented in this paper along with our work studying GX 301-2 (Leahy & Kostka 2008) show strong support for the conjecture of Stevens (1988) that highly eccentric X-ray binaries likely form an accretion stream due to dynamic effects of the neutron star on the stellar wind.
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